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RESEARCE MEMORANDUM

£FFECT OF MACE NUMBKR ON TEE MAXIMUM LIFT AND
BUFFFIING iownm DETERMINED IN FLIGET ON A .
| NORTH AMERICAN P-Bl‘D AIRPIANE
By John P. Mayer

SUMMARY

Flight tests were oonducted on & North American P-51D alrplane
to establish ths maximum 1ift coefficient and the buffeting boundary
{ins as e function of Mach number., Adbrupt stells vere made at Mach
numbers from 0.21 to 0.63 end gradual ptalls were made et Mach nuzbers
from 0.41 to 0.65., The buffoting boundary vas determined in abrupt
pull-ups through & Mach number renge from 0.21 to 0.80.

The repsults indicate thet the maximum 1ift coefficient and the
buffeting toundary line as established in abrupt pull-ups were very
much affected by Mach number and that Reynolds number had no apparent
effect on maximum lift coefficient in adrupt pull-ups within the
limite of the test data,

Up to a Mach numder of 0.64 the buffeting boundary was defined
by the sctual limit maximm 1lift coefficient attainsble with the
P-51D airplane in abrupt pull-ups. Above a Mach nuzber of 0.6k the
Puffeting boundary dropped sharply and was delov the actual maxipnm
112¢ coefficient of the airplans.

A comparison betveen the buffeting doundary found in the Zlight
tests and a oaleulated wing duffeting doundary shovs good agreement
up to a Mach number of 0.42 with & leaser degree of sgreement at
nigher Mach numbers. !

The gradual stells of the airplane indicated that the reximum
. 11ft coefficient wes affected by Mach number in a manner sizilar to !
that for the abrupt stalls.
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INTRODUCTION

Although there is consideradle wind-tunnel material aveilable
on the variation of the maximum lift coefficient with cuch factors
a8 Reynolds number and airfoil shaps, there is lesz lnown about the
effects of elithsr Mach number ox rate of change of angle of attack
on maximum 1ift cocefficient, both of which are becaming increasingly
Amportant. Also, the occurrence of buffeting at high Mach numbers
imposed an effective limit in 1ift on the eirplans beyond which
pilots have seldom ventured. Relatively few data exiest on this
latter phase of the problem and little 1s known concerning the
prediction of thie limit. ~

In the course of a high-speed dive teet program on a P-51D air-
plane et Langley Memorial Asronauticel Leboratory of the National
Advisory Camdittee for Asronautics at Langley Field, Virginia, scme
data on the variatlon of maximum 1ift coefficient and buffeting
11ft coefficlent with Mech number were obtainsd. This report
presents the reecults of theee tests. The true maximum 1ift
coefficients were mezsured in abrupt and gradual stalls up to &
Mach numder of 0.63, vhereas the buffeting boundsry was established
up to & Mach numbder of 0.80.

The present results extend the availadble flight data on abrupt
stalle of airplanes with low drag wings (results of Amee Laboratory

tests of the Bell P-63A-6 airplane) from a Mach number of 0.k4k to 0.63.

Although the tests of the P-51D airplane did not extend the Mach
number range of other investigations with regerd to the buffeting
boundary (references 1 and 2), the instrumentation of the airplane
wveg such that the duffeting boundary could be quite accurately
determined. In addition, since tail loads were measured on the
P-51D airplane, wing 1ift coefficlents as well as airplane 1lift
coefficlents were evaluated.

APP ARATUS
Description of Alrplane

The airplane used in the tests wae a North Americen P-51D,
reinforced structurally to withstand the high loads expected in
e high-speed dive program in progress &t lLangley Laboratory.
Flgure 1 shows & side view of the alrplens used in the flight
tests.

QONFIRRMTTT,
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The general specifications of the airplane as flown are &s
follows:

Airphne-.-..o.-.--..--.--- NorthAmericm?-ﬁle

Army Air Forces No. 4k-13237

Ensine s 4 s 8 ® € 8 8 ¢ v & w8 s v B Pac‘:ard lbuilt Rolls Royce
: V-1650-7 12 ¢ylinder
Propcllcr.-.....-.....--.....Eumiltonstandard
: 4-blade hydromatic

N ¢ T Y
. « K6523A-2h
N =

Dimetﬁr,fﬁﬁt-ooonnuo---nonoo

Bnd. n‘mbar L] . ] L] L ] L] L ] L » L] L L]
Weight at teke off, pounds . « » . . . &
Centar-of -gravity position (at take off),

percantM.A-C- |ololool-o-oo¢nop-cu.o25-1

Wing:
spﬁ-n, fea% « v ¥ -vu « 8 e v 9 € v & v » € 8 s o+ & 2 ¢ 02 ] 37-03
AI‘Q‘, squars foet « i s o v e ¢ 2 5 e e 8 s v 20 M 240.1
Dihedral (at 2% percent choxd), degrees . . « « « « & o v s 5
Svespbeck (leading edge), degrees . . « . « s o s v or o0 3.6
MlA‘lcl’ S.nChe' L N L] L RN [ | ] L [} L] L] L] L] [ ] » [ ] L} ] L L ) 4 . » 79'6
AirfOil T " o 8 B 8 > 8 @ ‘s 3 e & s 8 v & B & & NAA'NACA lw dns

Horizontal tail:
A!‘Q‘, .qurﬁ foot « 5 8 8 8 8 4 s W B e w e s B 4 s 0 8 o 28-0
InC1d..rLce, dagreol P T T T T T T R Y B I B B 1l

Instrumsntation

: Airspeed, pressure altitude, and alrplane normal acceleration
vere msesured es functions of time with standard FACA recording
instruments. The tall normal acoeleration wes meagured with a
Btathem accelerometer in connection with & Miller 15-element
recording oscillogreph. Loads on the ving and tail were found by
using strain-gege meagurements recorded on the Miller oscillogreph.

The airspesd heed wms mounted on a boom extending 1.2 local
chord lengths ahead of the leading edge of the ving and loocated near
the right wing tip of the alrplare. The airepeed-altitude recorder
vas located in the right ving ec es to minimize lag effects. This
airspeed system wes celibrated for positlon error, due to 1irt
cosfficient and Mech numbder effects, up to a Mach number of 0.78.

The strain.gage installation on the airplene was calidbrated

pericdicelly by applying known loads to the ving and tail of the
airplane.

CIPRETL
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FLIGET-TEST PROCEDUKE

All flight tests were made with the eirplans in the clean
condition and with power on.

Abrupt stells were made 2t pressure altitudes of 10,000,
20,000, and 30,000 feet at Mach numbers fiom 0.2) to 0.63, In
these stalls the airplane wes pulled up as abruptly as possibhle,
the degree of abiupiness depending upon the inertia, control powver,
and stability of the slrplens as flown. A series of gradual stalls
wveg also made in turms at 30,000-foot-Yressure altitude at Mach
nuzbers from 0.4l to 0.65. '

In the pull-ups within the Mach number range from 0.6L
to 0.80, maximum 1ift coefficiente were not roached Yecause of
tuffeting. In thie renge the airplane wes pulled through the
Puffeting boundary until the vibretion of the airplane became
objectionable to the pilot at which point recovery from the
pull-up was made and buffeting stopped. The pull-ups through the
duffeting boundary vere made scmevhat more slowly than the low-
speed pull-ups.

METHOD

In order to illustrate the definitions and methods employed
in evaluating results, three typical loed-factor time-history
dlegrama obteined in abrupt pnll-ups are shown in figure 2. Polnt A
in each of ihe dlagrams represents the point where duffeting
staerted; B, the point of peek mean lced factor; and C, the point
vhere buffeting stopped. In figures 2(e) and 2(b) the firet two
points coincide, while in figure 2(c) the peak load factor ocours
after buffeting starts and bvetween points A and C.

Fron the data of the type shown in figure 2 the airplane and
wing lift coefficientas were evalueted for e number of runs at the
points where buffeting started and stopped aa well es at maximum
1lift. In ocomputing lift coefficiente the 1lift wes sseumed to be
equal to the normel force, and fuselage and propeller normal loads
wvers neglesoted. The equations used in determining lift ccefficients
were$

o et Tt At = 4 ()




©6-24-1896 12:57 415 604 4988 AMES TECH LIBRARY

NACA RM No. 16IX0 . CONDEENETAL : 5
-
CLA q8
o nvw -
Iy = g8
vhere

CLA eirplane lift coefficlient
Cly wing 1if¢ coefficient

n normal load tactor (meesured perpendicular to airplane thrust

line)
q dynamic pressure, pounds per square foot
S ving area, squars feet

W eirplane weight, pounds

Lp  horizental tail loed, pounds, as determinel fram the atrain
gagoe and accelercmoter records

Since the teats of the P-51D as well as other inveatigations
(referonces 3 and L and results of Ames laboratory tests of the
Bell P-634-6 eirplane) indicate thet the maximum 1ift coefficient
deponds on the pitching angular velocity, the meximum 1lift coef-

ficients obtained in the abrupt pull-ups were plotted versue the
angle of pitch per chord length traveled. This paramster is

o4
vV at
vhere

C meen acrodynamic chord, feet

v airspesd, feet per second

%% time rate of change of angle of attack, redians per second

.07
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The rete of ehangs of angls of atteck &a/dt wp ie Wum
determived from the measured rete of change of load fagtor with

time and the squation
& _WB dnfat
.43 q

vhaTe
dCr/aa slope of lift ourve, per redian
dn/dt time rete of change of load factor

The slope of the 1ift curve dCr/an at the varfous values of Mach

nuopber ves obtained from unpublished date from wind-tunnel tests

made at Ames of the XP-S1 airplane. The slope of the load-faotor

time dlsgrem ves taken et the tims corresponding to 6 chord lengths
befors the maximus acceleretion vas reached. This corresponds approxi.
mtely to the time the 1ift coefficient lags the angle of attack vhen
the angle is changing rapidly.

ACCURACY

The estimated acourscy in the determination of the pertinent
results is ss follows: Cp, or Cr, <3 percent, M, $0.01, amd

Cda o
¥ 50 *15 percent.

These probadle errors arise yrincipelly from errors in the
measurement of dynamio pressure, pressure sltitude, load factor,
ard, in the case of 1ift coefficients, in the sssuxption that the
112% vas equal to the normal foroe. In the determimation of

gi%’ however, the listed error is sttriduted to (1) the necessity

of using wind-tunnel data from tests of & model of the Xp-51 for
1ift-curve slope, (2) the scmevhat arbitrary selection of the
point at vhich the slcpes vere read, and (3) grephical errors in
the differentiation process.

‘P.o8
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RESULTS AND DISCUESION
The Effects of Msch and Reynoclds Number on the
Maximum Lift Coefficiont

The results of a number of ebrupt pull-ups to the maximum
1ift coefficient for those ceses where points A and B coincide
(fig. 2) and tho results of gradual stalls are presented in
figure 3. The results sho'n indicete that the alrplene maximm
1ift coefficient obtained in the abrupt stalls decrscses rapidly
a3 the Mach number increases from 0.21 to 0.43 vhezrs & minimum .
point 18 reachnd. Tho maximum 1ift coefficient then increasss
until e eecondary peak is reoached at a Mach nurder of 0.56 after
vhich 1t again begins to docrease rapidly to the limit of the
prosent tesis. The secondary peak in tho meximum lift ccefficlent
is churecteristic of low drag airfolls and is caupsed by the
btroedening of the uppor surface low-pressurc region which offsets
the reduction in the negative pressuro pealt as the Mach numbar
increaces. As the Mach number increnses further the decrease in
the negetive preesure peak mors than accounts for the broedening
upper surface pressurs and the maximum lift coefficient again
begins to decreamse. It can also bo ssen from figwe 3 that
altitude, and therefore Reynolds number, has no apparent effect on
the maximum 1ift coefficlent obtained in adbrupt stalls within the
limits of the data obteined. This result has 2lso been shown in
referecnco 5 for the P-47C airplane anéd in the remulto of Ames
Laboretory tests of the P-53A airplene. In the curve of figure 3
it is also soen that the general trend for the graduzl stalls is
eimilay to that for the abrupt stalls with the minimum und peak
maximum 1ift coecfficients occurring at similay Mach numbers.

A compariaon of the results obtained in the abrupt stalls
with similer roaults obteined with a P-63A airplane (fig. 4)
qualitatively indicates the same sort of variation for the two
cases. The differences noted betwesn the two ceses may des
ascrided to the fact that, although both winge ere of the lov
drag type, the sections are dissimilar; those on the P-63 deing
obteined from the NACA 66 serier of airfoils while those of the
P=51D are a North American-NACA compromise seciior. It is to Dbe
noted, alwvo, that the abrupt pull-ups for the P-63 were not carried
sufficisntly far to indicate any minimun point in the CLA curve .

Comparison botwoen results of gradual stalls of & P-51B (reference 6)
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and those of the P-51D (fig. 4) show fair agresment throughout.
Whatever differences exist may be attributed to the fact that the
two airplance have & slightly different configuraticn,

Tffect of Mach Number on the Buffeting Boundary

Tigure 5 ie an extension of the resulis given in figure 3 to
include those pull-ups where buffeting prevented the attainmsnt of
true maximum 1ift. (See fig. 2(¢).) The pull-up treced out by
the curve A, B, C 1llustyates the zanner of variation of lift
coefficient with Mach nmumber obtained in a typical high Mach
number pull-cut. :

Frogp & Mach number of 0.21 to 0.6k the buffeting boundary is
defined by the actuel limit zmaximum 1ift coefficient ap obtained
in ebrupt pull-ups of the airplane.: Above 2 Mach pumber of 0.6L,
however, the buffeting lift coefficients are below the maximum
11Pt coefficients. It is seen from figure 5 that the lift
coefficient at which buffeting either starta or stops decroases
rapidly with Mach number and that at e Mech number of about 0.83
buffeting would occur even at zero 1ift. The implication of the
results of figure 5, ineofar as they specifically apply to the
P-51D sirplane, is given in figure 6 where the lift capabilities
of the P-51D ere shown for severel mltitudss. The portions of the
curves below M = 0.4 were established from the solid part of
the curve in figure 5 end the portions sbove M = 0.6k were
established from the dotted part of the curve. It is seen that
at 40,000 fest the eirplane would e capeble of only the mildest
reneluvers and that even etl g buffeting would occur et M= 0.79.

it may also be secen from {igure 5 that the lift coefficlents
vhere buffeting starts and stops epparently define & aingle curve
{n the region from M = 0.64 to M e 0.80. In the Cr,,, region

(solid curve) the 1ift cosfficlent vhere Puffeting stops lies below
the point vhere it initielly sterted. An indicetion of this result
may be obtained from figure 2(b). However, in thie range, the lift
coasfficlent where buffeting stopped depended upon the rate of change
of angle of attack, and, in genersl, seemed to be lower than the
gradual stall line. ~

Sevorel papers have presented charts by vhich the low=speed
negative pressure coefficients may Ye expended to account for
effeots of compressidility. In general, such charts vhen used to
expand each preceure point along the 2irfoil can be made to yiold a

CABIDRGTAL,
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. variation of a :'alritical 13ift coefficient with Mach number; the

vord "critical, then, being associated with the attairment of the
velocity of sound over ecme portion of the airfoil. In general,
f11ght observations as well as wind-tunnel experience have not
indicated serious effects when the local velocity of sound 1is first
reached. Therefors, curves of critical 1ift versus M would be
expected to lie well below the curve shown in figure 5 and could
only serve as a rough guide to the buffeiing limit. The charts of
reference 5 make possible a prediction of the buffeting 1imit rather
than & critical 1ift coefficient. '

The charte of reference 5 have been applicd to expand the
theoretice). presoure distributions over the mean aerodynamic chord
pection of the P-51D in order to obtain the variation of the limit
11t or duffeting Lift ccefficient with Mach mumber. Figure 7
11lustrates the egreement between the results calculated in this
manner and the experimental results of figure 5. It cen be seen
thet although the computed limit 1lift curve follows the trend of
the measured resulte it is not as close as would be desired fon
‘quantitetive purposes. '

Tffect of Angular Velocity on Maximum Lift Coefficlent

Figure 8 shows the results of the effect of rate of chenge of
angle of atteck on the maximum lift coefficient for the P~51D airplane,
in abrupt stells, at four meen Mach numbers. The values of the
maximun 1ift coefficient for zero angular veloclity were teken from
the meen line for the graduesl stalls. The lines of constant chax

showvn in the figurs for the four mean Mach numbers were teken from
the mean line through the teet points, given in figure 3, for the
abrupt stalls.

Tigure 8 indicates that thrioughout the Mach'rnmber and % g% range
covercd in the P-51D tests the variation of maximum 1ift coefficient
wvith the angle of pitch per chord length traveled %% is relatively

conetant. This is in agreement with results of Ames Laboratory tests
of P-63A-6 airplane in vhich it wae shown that the meximm 1ift coef-
ficient increases eslmost linearly with angular velocity until a
limiting value of the maximm lift coefficient is reached vhich is
unaffected by further increesees in angular velocity.

.11




©5-24-1996 13:00 _6175, 6@4 aogs AMES TECH LIBRARY P.12

NACA RM Ne. L8110 Fig. 1

Figure 1.- 3ide view of P-51D airplane used in tests,
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